A coordinated centralized energy management system (ConCEMS) is presented in this paper that seeks to integrate for optimal grid operation-the supply side energy management system (SSEMS), home energy management system (HEMS) and transmission line management system (TLMS). ConCEMS in ensuring the optimal operation of an IEEE 30-bus electricity network harmonizes the individual objective function of SSEMS, HEMS and TLMS to evolve an optimal dispatch of participating demand response (DR) loads that does not violate transmission line ampacity limits (TLMS constraint) while minimizing consumer cost (HEMS constraint) and supply side operations cost (SSEMS constraint). An externally constrained genetic algorithm (ExC-GA) that is influenced by feedback from TLMS is also presented that intelligently varies the dispatch time of participating DR loads to meet the individual objective functions. Hypothetical day ahead dynamic pricing schemes (Price1, Price2 and Price3) have also been adopted alongside an existing time of use (Price0) pricing scheme for comparison and discussion while a dynamic thermal line rating (DTLR) algorithm has also been incorporated to dynamically compute power limits based on real time associated data.
Introduction
The traditional design of power systems has naturally isolated the sub-components from each other. Thus, an electricity network is traditionally built with pre-determined (static) constraints and minimal interaction between generation and transmission/distribution and vice versa. However, the ongoing restructuring of electricity networks is seeing a lot of interdependency among components of the electricity grid [1] . Another major contribution to the growing interdependency of sub-components is the idea of smart and connected communities that promote information exchange among integrated sub-components for efficiency and improved operations. Sensors and smart devices like smart meters and advanced metering infrastructure (AMI) are also providing a platform for real time data exchange between utilities and home devices [2] .
In the construction of power systems, they are generally built to be resilient and able to withstand disturbances caused by line and/or generator outages. This thus necessitates the design of electricity grid networks to be secure for at least '(n − 1)outages', which implies that the grid should be capable of from 65.77 kWh to 44.295 kWh as well as a reduction in the cumulative cost of energy from US$6.50 to US$4.393 daily. Direct load control (DLC) was proposed for management of demand side loads based on a multi-objective particle swarm optimisation (MOPSO) algorithm, while [19] utilized a multi-criteria -constraint-based exact approach for demand side management. According to [20] , SSEMS is essentially constraint-based for secure operations of power systems. Constraints are modelled in form of power flow problems to generate optimal solutions for generation dispatch/scheduling and associated technical constraints (voltage, frequency, emissions etc.). For example, [21] designed a multi agent-based controller to locate active power set points for optimal power management of electric vehicles (EV) and distributed energy resources in the microgrid to avoid worst case scenarios were all EV's to charge/discharge simultaneously. Similarly, the optimal location of distributed generators in a smart grid for reactive power management with penetration of renewable energy sources was solved by [22] utilizing genetic algorithm. An optimal coalition of formation mechanism of microgrids in a smart distribution system was presented by [23] with it its characteristics analysed from a coalitional game theoretical perspective. The proposed method which utilised a Greedy-based strategy to perform network constrained exchange (GreedEnEx) reported loss reduction ranging from 26% to 80%. TLMS aims at ensuring that the line limits in terms of the current carrying ability are not exceeded. TLMS could thus be static (i.e., static thermal line rating, STLR) where the ampacity of a transmission line is computed for the worst case scenario or dynamic (i.e., dynamic thermal line rating, DTLR) in which the computation of the ampacity of a transmission line is done in real (or near real) time [4] .
Considering the diverse objectives of the various management systems, a comprehensive and smart system is thus needed that interconnects the various management systems and harmonizes their constraints for efficient operation of the power network. There is no doubt that multi-energy systems offer better perspective for achieving a sustainable energy supply and also aiding the energy transition from the traditional approach [24] . However, a comprehensive, scalable and smart system which differs from the conventional integrated energy systems (IES) [25] [26] [27] is proposed. This work thus extends the framework presented in [9] and pioneers the optimal allocation of consumer loads with the objective of meeting the individual constraints of HEMS, SSEMS and TLMS. Additionally, smart algorithms are developed and used for both optimal load dispatch of consumer loads and optimal dispatch of generators to meet the individual objectives of HEMS and SSEMS without violating the ampacity limits of the transmission network as determined by TLMS. Furthermore, this work advocates for a more integrated electricity network that gives the utility a greater role in demand side management (through DLC) to provide the utility with more allowance in balancing the grid parameters. ConCEMS thus becomes useful with growing and increasing penetration of renewable energy sources (RES) as it enables the utility mitigate against the stochastic nature of RES by dispatching participating DR loads to periods of high availability of RES while not compromising on network technical and operational constraints. In being able to efficiently and effectively utilise RES, the utility is able to minimize expansion and environmental costs (associated with the use of fossil and other dirty-based generation sources). This thus has the extended benefit of minimizing the increment in electricity costs for electricity users and ultimately minimizing energy poverty since households would not need to expend a significant proportion of their income in meeting their energy (electricity) needs. The benefits and importance of ConCEMS thus go beyond the technical advantages and extends to the socio-economic and environmental aspect of society. Figure 1 shows the conceptual design of the proposed Co-ordinated and Centralized Energy Management System (ConCEMS). This work thus extends current research on IES by proposing and applying ConCEMS to an IEEE 30-bus electricity network to dynamically dispatch consumer loads (demand response (DR) loads) to achieve the following:
• Reduce consumer electricity bill below available time of use pricing (Price0) (using day ahead dynamic pricing schemes-Price1/Price2/Price3)-HEMS constraint. • Ensure dynamically computed ampacity limit is not violated by any line-TLMS constraint.
• Reduce operations and emissions cost of the supply side using Price1/Price2/Price3 compared to Price0-SSEMS constraint.
The labelling of the constraints in Figure 1 are as follows: Figure 1 . ConCEMS conceptual design.
• S1-S7 for SSEMS (i.e., 7 constraints) where S1 is the financial constraint (fuel costs), S2 is the operational constraint (loading limits, reliability), S3 is the generator dispatch/commitment constraint, S4 is the technical constraint (voltage, frequency, var compensation), S5 is the weather constraint, S6 deals with specific constraints from the electricity supplier and S7 is the associated constraint from electricity users on demand response loads.
• C1-C5 for HEMS (i.e., 5 constraints) where C1 deals with battery charging/feed-in-tariff, C2 handles DR loads, C3 manages household expenditure on electricity, C4 updates the household in near-real time on energy usage patterns while C5 ensures household comfort is not compromised. • T1 for TLMS (i.e., 1 constraint) where T1 is the real time weather data (ambient temperature, wind speed and solar irradiance) that affects the computation of transmission line ampacity limits in real-time.
For the purpose of this research, Table 1 highlights which of the constraints have been considered. The rest of this article is organised as follows. Section 2 presents the case study network with the mathematical description of the utilized load flow algorithm. Section 3 presents SSEMS and a mathematical description of its generator dispatch for reduced emissions cost. Section 4 presents TLMS and the description of the DTLR algorithm utilized. HEMS is presented in Section 5 with its objective discussed while the pricing models adopted are presented in Section 6. The results are presented and discussed in Section 7 while policy discussions on the socio-economic and techno-environmental impact of ConCEMS are presented in Section 8. The paper concludes in Section 9. Table 1 . Management systems and their components considered.
HEMS SSEMS TLMS Components Status Components Status Component Status
√ -component considered; XX-component not considered; *-not all parts of components considered.
Case Study Description
Figure 2 presents the case study network utilized for the application of the proposed ConCEMS while Figure 3 presents the gas network description. The case study network is an IEEE 30-bus network [28] which has been modelled as a closed system with 1 slack power bus (bus 1), 20 load points and 5 generation points. Each load point has both base loads and DR loads. The DR loads for each respective bus is made up of 10 clusters each of households with varying participation of DR loads. The slack power bus has been included to act as a sink/source for excess/deficit power. The test network consists of 41 lines used in moving power across the network. At the slack bus (bus 1), there are 3 generators-2 diesel generators (110 MW each) and 1 natural gas fired thermal generator (50 MW). The description of the demand side management (DSM) capabilities of the various load points is shown in Table 2 while Figure 4 presents the flow chart of the proposed working principle of ConCEMS. The description of the ConCEMS flowchart is as follows; after the computation of DLTR using hourly weather data, start time of DSM loads, str i,j L is computed for all participating DSM loads. The cumulative of base load demand and DSM loads for each slot (15 min interval) is then used to optimally determine generation loading based on DTLR constraints for time t . Load flow analysis is then done to determine the amount of power supplied from the slack bus and the appropriate costs. In computing P t T , DTLR could place constraints that would necessitate power import through an alternate line p to meet P t T and associated line losses. The computation of str i,j L using ExC-GA is thus very important in determining the optimal P t T that would reduce power supply costs and underutilization of generated power. In addition, the computation of associated supply side costs is followed by the computation of the cost of dispatching the DSM loads using hypothetical day ahead dynamic pricing models (Price1, Price2 and Price3) which are benchmarked with a time of use pricing scheme (Price0). This is to evaluate and determine the best dynamic pricing scheme that will ensure a reduction in DSM load cost, which is the incentive for placing the eventual dispatch of participating DSM loads under direct control by the utility. In computing the associated supply costs for the gas network, ConCEMS aims to generate the least cost for operating the compressors at the various compressor stations that will guarantee the required gas flow rate at the tapoff-point while maintaining the pressure, flow rate and compressibility values within the defined constraints across the length of the pipeline. In minimizing the supply costs for the proposed electricity network, emphasis is placed on the generators in bus 1. This is due to their large size which makes them the major supplier of the bulk load for the test network. The Newton Raphson (NR) method has been adopted in attempting to solve the resulting load flow problem. The modelling of the NR operation is constrained to ensure that convergence is only possible within allowed bus voltage limits. STT and SET for this research have been taken to be 00:00 and 00:00 + 1 day while all dispatch scenarios are carried out a day ahead. 
SSEMS Description and Modelling
In modelling the SSEMS objective function, Z SSEMS , we briefly describe the associated costs at the supply side. Table 3 presents the fuel cost of each generator in bus 1 together with the power limits (lower and upper). Also shown in Table 3 is the emissions cost for each associated generator in bus 1 which has been incorporated into the fuel cost. Algorithm 1 presents the conventional economic dispatch of generators based on incremental cost which has been modified to accommodate emissions cost. The modification results in a modified economic and environmental dispatch (MEED) algorithm. Utilizing the fuel costs of the diesel generators in Table 3 , the conventional incremental cost is adjusted to optimally schedule/dispatch the generators at bus 1 for the lowest economic and emissions cost. Another improvement is the compensation for under generation. This is done by optimally allocating the difference in deficit generation among the generators based on their available capacity. The need for this improvement is to reduce the time of computation spent looking for an optimal dispatch profile. Great care is however employed in setting the allowable tolerance level (deficit/surplus generation). The objective function Z SSEMS is thus defined in Equation (1) as:
Economic and Environmental Dispatch of Generators
Subject to:
where θ is a compressor station, α is a pipeline section, OP cost t is the total time t cost of generation by all generators (US$), Z(t) is the total cost of running all compressors at time t (US$), Z α is the pipeline section α compressibility ratio (dimensionless), P lo,α is the pipeline section α low pressure limits (bars), P hg,α is the pipeline section α upper pressure limits (bars), P α is the pipeline section α pressure (bars), PS 4 is the output pressure (bars), Q α is the pipeline section α gas flow rate (MMSCFD), EmiC t is the total emissions cost at time t (US$), F cost t is the operations cost at time t (US$), E cost x,t is generator x emissions cost at time t (US$), PD α is the discharge pressure (bars) from compressor θ, PS α−1 is the suction pressure (bars) for compressor θ, C cost,t x is the cost (US$/MWh) of generating P t Dx by generator x at time t while every compressor station θ lies between pipeline sections α − 1 and α (i.e., α − 1 ≤ θ < α). Equation (2) presents the lower and upper compressibility limits for α while Equation (3) describes the lower and upper pressure limits for α. The possible range for the final discharge pressure is described in Equation (4) while Equation (5) presents the lower and upper flow rate limits for α. The evaluation of OP cost t , time t compressor cost, time t total emissions cost, time t emissions cost for generator x, α compressibility ratio and time t operations cost is shown in Equations (6)-(11).
Algorithm 1: Modified incremental generator dispatch.
Input: λ t x ,λ t , fuel cost for generators, P t T ,P
Perform normal incremental cost :
Compute λ t such that λ t x = λ t ∀x ∈ X(.)
3: Subject to:
P t Dx ≤ P In improving on the modified incremental generator dispatch (MEED) shown in Algorithm 1, a genetic algorithm-based economic and environmental dispatch (GA-EED) algorithm is developed and presented in Algorithm 2. The purpose for the development of GA-EED is to explore the possibility of eliminating the need for tolerance w 4 definition in Algorithm 1 to evolve dispatch options with lower operating costs.
Algorithm 2: Genetic Algorithm Economic and Environmental Dispatch (GA-EED) Algorithm.
Input: fuel cost for generators (Table 3) , P t T ,P min Dx ,P max Dx Output: P t Dx ∀x ∈ X(.) Generate binary population matrix for each generator:
for each generator x, where dim1 is the number of rows (100), dim2 is the number of columns (10) and pop x is a binary matrix.
Perform mutation on pop x : 2: Mutation is performed on randomly selected bits of pop x such that if (pop x (rr, cc) == 1) then 4: pop x (rr, cc) = 0 else 6: pop x (rr, cc) = 0 end if
Perform conversion on pop x : 8: pop x is converted to its decimal equivalent matrix
where eval is a function that converts a binary string into its decimal equivalent.
Perform scaling on pop x : Scaling is performed on pop x to generate the actual generator values P t Dx such that P min Dx ≤ P t Dx ≤ P max Dx , where
Perform matching: 10: In matching, a complete allocation allot kk is generated such that if X = 3, For each allo kk generated, an equivalent cost kk is generated where cost kk is the cost of dispatching the generators at bus 1 based on the values in The degree of accuracy in terms of generating the lowest operational cost for the generators in bus 1 is dependent on the sensitivity factor s f x . The sensitivity factor s f x is a measure defined for each generator x as s f x = P max Dx −P min
. Thus, as s f x −→ 0, the more possible it is to evolve a wider range of possible generation values. However, care must be taken to ensure that (2 dim2 − 1) (P max Dx − P min Dx ). Table 4 presents s f x for each generator at bus 1. 
TLMS Modelling
The modelling of the ampacity constraints for the transmission lines was done dynamically. That is, real time (1-h interval) weather data was used in dynamically computing the limit of current that could be carried by the transmission line. The computation of the DTLR is done based on the equations described in IEEE std. 738-2006 [29] . From [29] , the steady state equations are shown in Equations (12) and (13) as follows:
such that
where q c is heat loss from convection; q s is the heating effect of the sun; R(T c ) is the AC resistance of the conductor at temperature T c and I is the conductor current. Out of the 14 inputs that Equations (12) and (13) depend on, five vary in real time-wind speed, wind direction, ambient temperature, time of the day and date. When these values are used without variation, Equations (12) and (13) result in STLR. For this work however, real time hourly data has been used for computing DTLR. The objective function of TLMS, Z TLMS is thus described in (14) as
subject to
However, an equivalent power limit has been computed based on Equation (15) and utilized in this paper.
HEMS Modelling
The HEMS constraint for this research work aims at achieving a reduction in consumers electricity cost for participating DR loads only. In designing the proposed electricity network, base load cost is computed using an incline block tariff (IBT) pricing scheme. However, it is not used in this paper, since emphasis is placed on the participating DR loads. The base pricing scheme utilized in measuring the performance of the dynamic pricing schemes (Price1, Price2 and Price3) is Price0 which is a time of use (TOU) pricing scheme and has a flat rate of $0.105/kWh all through the day except for a 20% increment for the hours between 6 am-8 am and 6 pm-9 pm due to capacity constraints as a result of increased weekdays residential electricity usage during these periods. The participating DR loads are placed on direct load control (DLC) and have their dispatch time varied by the utility within the allowed time range as specified by the electricity consumer. The incentive for allowing the utility some control in varying the dispatch time of participating DR loads is to reduce the cost of these loads by using either of Price1, Price2 or Price3 to offer some minimal electricity cost differentials compared to Price0. In doing so, the utility is able to free up capacity for dispatch of base loads at critical peak demand periods and also minimize the cost of additional generation expansion. The objective function of HEMS Z HEMS is described in Equation (16) as
such that dsmC
In achieving Equations (16) and (17), an externally constrained genetic algorithm (ExC-GA) plays a prominent role. The aim of Z HEMS is to ensure that the equivalent cost of electricity using dynamic pricing (dsmC hi i ) is always less than the equivalent cost of electricity using time of use pricing (touC hi i ). This is achieved by comparing the difference di f f = touC hi i − dsmC hi i . For di f f < 0, load dispatch is recomputed. Furthermore, for any di f f new > di f f old and di f f old > 0, then di f f is updated to di f f = di f f new . The mathematical modelling of ExC-GA is presented subsequently.
Externally Controlled Genetic Algorithm
The proposed externally controlled genetic algorithm (ExC-GA) is a modification of the mild intrusive genetic algorithm (MIGA) proposed in [30] . Similar to MIGA, a population matrix Pop i is generated such that the number of rows (dim1) of pop i is i max with the number of columns (dim2) given as 96 (to represent the total number of slots (a slot is a 15 min interval. For a 24 h period, there are 96 slots of 15 min interval each)). The description and working principle of ExC-GA including the modifications incorporated into MIGA is presented subsequently.
ExC-GA Population Matrix Filling
An initial matrix of dimension dim1 × dim2 as shown in Figure 5 is created with all the values initialized to zero (i.e., ∀P 1,1 to P i max ,96
∈ Pop i , P 1,1 to P i max ,96 = 0). Since three DSM loads per household are considered for this research, three sub-populations sub i,j pop are created. The sub-populations created are filled with the row index of pop i as follows:
where each sub ∀i, and j = 1,
∀i, and j = 2,
L ≤ 94 (20) ∀i, and j = 3,
The Equations (19)- (21) The resulting filled population matrix pop i as shown in Figure 6 is then cumulated column wise to obtain C DSM i for each cluster which is then added to the respective BL i to obtain CD i . The resulting CD i is then passed over for load flow operations and generator scheduling operations (see Algorithms 1 and 2) to generate the violation set stat set 1 and non-violation set stat set 2 . The violation set represents all the slots in which ampacity limit was exceeded while the non-violation set represents all the slots in which ampacity limit was not exceeded. The mathematical description of the sets is as follows:
Which implies that ∀stat set 1 , stat set 2 ∈ W(.):
The description of ampa p thus implies that if there is a violation of DTLR by any line p during time t simulation, ampa p = 1, with no violation implying that ampa p = 0.
pop i Re-Adjustments
The re-adjustments carried out on pop i as shown in Figure 6 is based on the set to which the current t L belongs to. Thus, ∀L ∈ rI(.), if t L ∈ stat set 1 , then a decision factor dec f ac i,L is determined using a random generator, randi, such that: 
Comfort Modelling
Given 
Pricing
Four pricing schemes are adopted as 'plug-ins' in this paper-1 time of use (TOU) pricing (Price0) and 3 dynamic pricing schemes (Price1, Price2 and Price3). The adopted Price0 assumes a flat rate value of US$0.105/kWh across the day with a 20% increase between the hours of 6 am-8 am and 6 pm-9 pm. Price1, Price2 and Price3 are modelled such that their daily average value is US$0.105/kWh with Price1 having peak price between 6 am-8 am, Price2 has peak price between 11 am-1 pm and Price3 has peak price between 6 pm-8 pm. The mathematical description for Price0 is shown in Equation (30) while Equation (31) is the general description for Price1, Price2 and Price3. The pricing models adopted are hypothetical and aim at curtailing demand during their peak periods. The pricing signals are further communicated to consumers within each load cluster a day ahead to enable them schedule Stt i,j L for their participating DSM loads. For the purpose of this research, day ahead pricing signals is assumed to be communicated by the utility to electricity consumers via their website. The implication of this is that electricity consumers participating in DLC are assumed to be literate and familiar with information technology (IT) devices for assessing such information. This is similar to the use of the Internet in providing electricity users day ahead pricing information by ComEd in [31] . 
Motivation for Pricing Methods Selected
The selection of Price0 is to evaluate the ability of ConCEMS in utilizing Price1, Price2 or Price3 to offer potential savings to the consumers and reduced operational costs for the electricity supplier. Furthermore, the varying pricing methods-Price1, Price2 and Price3 have been adopted to compute the extent to which savings (if any) can be offered households participating in DR when compared to Price0 option.
Results
The variation of ampacity for the case study network based on DTLR computations is shown for a day in Figure 8 . It is seen that power (MW) equivalent of ampcity has been used. Figure 8 shows that power limit computed based on DTLR varies from about 230 MW to about 255 MW per line across the day. The variation of power in Line 1 (between bus 1 and bus 2) for all pricing options is shown in Figure 9 . It is observed from Figure 9 that 1 slot (15 min) TLMS violation occurs each for both Price1 and Price0 options with no TLMS violation for Price2 and Price3 options. Assuming 50% STLR (127.5 MW limit) and utilizing Price3, violation is observed for about 74% of the slots. Similarly, for 70% STLR (178.5 MW) and using Price3, violation is observed for 25% of the slots and 9.4% of the slots for 80% STLR (204 MW) and using Price3. ConCEMS thus adopts DTLR and ensures that the transmission network can be maximized in evacuating power without the need for any significant upgrades and without any violations. Figure 10 presents the various electricity pricing options adopted in this paper-Price1, Price2, Price3 and Price0 across the day While Figure 11 presents the total power supplied from the slack bus (bus 1) across the day. It is observed from Figure 11 that the total power supplied from the slack bus was within the limits set by the generators (lower limit of 90 MW and upper limit of 240 MW). Figure 12 presents the dispatch of the DR loads under partial DLC for Price1 (DSM1), Price2 (DSM2), Price3 (DSM3) and Price0 (DSM0). It is observed that the DR loads are not able to sufficiently follow their pricing curves due to restraints placed by the users. The restraints in terms of time range within which participating DR loads must be dispatched thus limit the ability of ConCEMS to fully exploit periods of low electricity prices in dispatching participating DR loads. For the DR loads only, Price1 option billed electricity users US$67,243.10 compared with US$66,963.72, US$65,724.62 and US$68,172.06 for Price2, Price3 and Price0 respectively. The implication of this is that the Price3 option achieves a 3.6% reduction in electricity bills for the consumers over Price0 compared to 1.4% and 1.8% savings using Price1 and Price2 respectively. Furthermore, using Price3, load clusters can utilize the additional daily savings of US$2447.44 (over Price0) to purchase additional 19.42 MWh of electricity units at US$0.126/kWh. ConCEMS in utilizing Price3 thus enables consumers extend the usage of owned electrical appliances through savings earned from participating DR loads. ConCEMS also shows that further savings can be achieved for households when DR loads are placed on full DLC (as already shown in [9] ), thus highlighting the ability of the proposed ConCEMS to mitigate energy poverty by reducing the energy burden of households. The utilization of GA-EED and MEED algorithms shown in Algorithm 2 and Algorithm 1 respectively is to highlight the robustness of the ConCEMS framework in incorporating varying stochastic and classical optimization schemes in minimizing the associated operations and environmental costs for the supply side. However, in benchmarking the results obtained using GA-EED and MEED algorithms, a standard particle swarm optimization (PSO) algorithm is also utilized to solve a single dispatch problem with the results obtained compared with those from the proposed algorithms (GA-EED and MEED) in this paper. Table 5 presents the values obtained for each method over five trials which is then averaged. It is observed from Table 5 that the fastest algorithm is the MEED algorithm which achieves an average run time of 0.28 s compared to 3.37 s and 8.82 s for GA-EED and PSO respectively. The comparison of the total daily simulation time for Price1, Price2, Price3 and Price0 using GA-EED shows that Price1 achieves a simulation time of 14.23 s, Price2 achieves a simulation time of 13.80 s, Price3 achieves a simulation time of 11.66 s while Price0 achieves a simulation time of 13.61 s. However, GA-EED achieves the lowest operational cost of US$8224.00 compared to US$8238.60 and US$8414.81 for MEED algorithm and PSO respectively. In terms of surplus generation, MEED algorithm generates 100.01% of the required demand compared to 100.10% and 102.68% of the required demand by GA-EED and PSO. Table 6 further presents the supply cost (the supply cost computed and shown in Table 6 incorporates the compressor cost) for the various pricing options (Price1, Price2, Price3 and Price0) and different optimisation algorithms (MEED, GA-EED and PSO). Similar to Table 5 , GA-EED offers the lowest operations cost for supply side for all pricing options compared to PSO and MEED with Price3 offering the lowest cost of US$531,807.80 and US$542,361.61 for GA-EED and MEED respectively, and Price1 offering the lowest supply cost of US$532,200.80 for PSO. The utilization of the compressors at the outlet point for optimal flow of gas at reduced compressor usage cost for Price3 using GA-EED is shown in Figure 13 . Also depicted in Figure 13 is the suction and discharge pressure for each slot (15 min interval) at the outlet/tapoff-point which is maintained within constrained limits. A further implication of ConCEMS to the utility is that ConCEMS enables the utility reduce the associated costs of expanding generation capacity to meet demand. With ConCEMS, flexible loads can be effectively dispatched at reduced peak demand and with increased capacity utilization. Furthermore, increased flexibility in the network through DLC (full or partial) provides the utility with advanced information for system operation and planning, scheduling maintenance and dealing with outages. With increased flexible loads under DLC, the utility is able to respond better in establishing optimal grid operation in the event of faults or loss of a generating unit. Table 7 presents Str i,j L for each cluster on bus 2 and for the various pricing options while Table 8 presents the computed comfort C i for each cluster which has been evaluated using Equation (29) . It is observed from Table 8 that Price3 option offers the highest comfort of 4.21 followed by Price2 (4.19), Price0 (4.06) and Price1 (4.04). In summary therefore, Price3 utilizing GA-EED meets all the requirements by reducing the electricity cost for participating DR loads and supply cost of the supply side without violating the transmission line power limit constraint. This is shown in Table 9 where Price3 with GA-EED in addition to meeting HEMS, TLMS and SSEMS constraints further improves on the comfort of participating households by ensuring that Str i,j L strives to be close to Stt i,j L . Table 10 presents the results obtained from further benchmarking of GA-EED against nine standard benchmarking functions from [32] . The performance of GA-EED in matching the exact solutions is also observed. 2   1  1  5  5  5  5  5  2  89  93  91  90  90  91  3  54  74  59  59  59  59  4  44  64  64  64  64  64  5  2  6  2  2  2  2  6  46  66  52  52  52  52  7  69  89  78  73  73  78  8  40  84  76  76  76  76  9  3  7  4  3  3  4  10 4 48 14 14 9 9 Table 9 . Performance summary for various dynamic pricing options using GA-EED and MEED. 
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Policy Discussions
ConCEMS pioneers the full synergy of HEMS, TLMS and SSEMS by extending the model presented in [9] . As a smart grid architecture that depends on an advanced metering infrastructure (AMI), ConCEMS has benefits extending from the socio-economic to the techno-environmental aspects of society which are subsequently discussed.
Policy Discussions on the Impact of ConCEMS on the Socio-Economic Aspect of Society
A growing concern in the global south is the issue of energy poverty which presents on two frontiers-access and mobility (ability to transit from a lower energy level to a higher energy level). Furthermore, in the works of [33, 34] , declining electricity consumption (per capita) has been highlighted for Nigeria and South Africa respectively. A prominent reason for this has been increasing electricity tariff which has resulted in the increasing use of alternative energy sources. Furthermore, [34] has highlighted the direct link between energy poverty and economic poverty. The increasing tariffs by Eskom (Eskom is the electricity utility company for South Africa generating over 90% of electricity consumed in South Africa and 45% of electricity consumed in Africa [33] ) are intended to recoup electricity network expansion costs especially in building new generation plants and improving the transmission network to prevent a repeat of the power crisis of 2008. However, according to [33] , there is the possibility of planned supply capacity exceeding demand forecasts by over 500% due to declining consumption of electricity. ConCEMS obviates the need for unnecessary upgrades by ensuring that flexible consumers (DR loads) are well incorporated into the overall system mix to act as deferrable loads that offer some flexibility to the system operator in ensuring demand-supply balance. Incorporating dynamic pricing schemes (Price1, Price2 and Price3), the utility is able to guarantee households a reduction in their electricity bills. This reduced expenditure on electricity offers households the possibility of either increasing consumption of more electricity or utilizing the savings accrued on other activities capable of improving their quality of life (QoL). Overall, with increasing participation of more households in DR, the utility is able to save on expansion costs and also utilize effectively renewable energy sources (RES) by dispatching DR loads to times of high availability of RES.
Policy Discussion on the Techno-Environmental Impact of ConCEMS
The increasing complexity of electricity network raises concerns as to the ability of evolving electricity networks to handle the bi-directional flow of energy with increasing prosumers (consumers who also produce electricity through on-site mini generation schemes) and DR loads. Furthermore, the increasing participation of RES and their stochasticity raises issues of reactive power compensation and grid stability. ConCEMS in ensuring that the technical constraints are met utilizes increasing DR loads in balancing the grid. However, the extent of flexibility in ensuring grid stability through the utilization of flexible loads is based on the time allowance given the utility by the consumers. In [9] , the proposed energy management system minimized peak DSM window by over 63% with an overall capacity utilization of 87.92% when the utility was fully in control of determining the start and eventual dispatch time of participating DR loads. Worldwide, there have been growing concerns to the insidious effect of fossil-based electricity generation on climate. The incorporation of GA-EED optimizes the dispatch of the participating generators to minimize the overall cost (operations and environmental). Furthermore, the increasing participation of flexible loads implies that ConCEMS in optimizing their dispatch time to periods of availability of RES can maximize the usage of available RES thus reducing environmental costs associated with conventional generation schemes.
Summary and Applicability of ConCEMS
ConCEMS has been presented as a tool capable of mitigating energy poverty and minimizing grid expansion. This is mostly important especially for developing economies (sub-Saharan Africa, SSA) where socially just power systems are required in order to facilitate the promotion of access to electricity without marginalizing the poor [35] . Considering the fact that ConCEMS integrates every aspect of the electricity network and achieves savings, the following arise:
1
The utilization of DTLR reduces transmission expansion costs which leads to stabilization of electricity tariffs for electricity users. In South Africa, Eskom's electricity tariff increment (to recoup supply capacity costs) has resulted in declining electricity consumption [33] . With stabilized electricity costs, the energy burden of households is minimized. 2
The ability of ConCEMS to guarantee savings for households participating in DR (for participation of 3 devices only) shows that more savings could be accrued when more energy consuming devices especially heating, ventilation and cooling (HVAC) devices are considered. A reduction in electricity bills for households (whose electricity bills have already been stabilized due to the incorporation of DTLR) leads to even further reduction in households energy burden. 3 ConCEMS has shown that flexible loads offer the utility great flexibility which is capable of minimizing supply capacity expansion. With greater flexibility offered the utility especially through greater participation in DR and DLC, the utility is able to minimize expansion costs and reduce spinning reserves without compromising on grid constraints (investigated in [33] ). The implication of this implies that electricity tariffs remain stabilized which leads to minimized energy burden of households. 4 ConCEMS also offers a great platform for increasing the exploitation of renewable energy sources (RES) thereby leading to a reduction in emissions. With greater flexibility offered the utility in terms of controllable loads, the utility is able to effectively dispatch participating DSM loads to periods of availability of RES.
ConCEMS depends on an integrated electricity network the core of which is an advanced metering infrastructure (AMI) and a robust transmission network to guarantee its effective deployment and utilisation. For SSA, the need for infrastructure upgrades coupled with the growing calls for reduction in emissions presents an opportunity for SSA countries to develop grids that promote integration across the entire electricity chain.
Conclusions
ConCEMS has been presented and evaluated for an IEEE 30-bus network with an externally constrained genetic algorithm (ExC-GA) also designed and used in demand response load dispatch. Two economic and environmental dispatch algorithms for generators on bus 1-GA-EED and MEED have also been developed, applied and benchmarked using a standard PSO. In evaluating the ability of ConCEMS in meeting the objectives of HEMS, TLMS and SSEMS, three dynamic pricing schemes (Price1, Price2 and Price3) have been proposed and benchmarked with a time of use pricing scheme (Price0). Price3 has been found to reduce both the electricity cost of participating DR loads and the operational costs of the supply side without violating the transmission line power limit. Furthermore, Price3 with GA-EED has been found to ensure that the eventual dispatch time (Str i,j L ) of participating DR loads is close to the intended start time (Stt i,j L ) of the loads by the users. This has been verified by the high value of comfort (C i ) which is about 0.84C i max . Policy discussions on the impact of ConCEMS on the socio-economic and techno-environmental aspect of society have also been presented to show that ConCEMS is also a capable tool in mitigating energy poverty by minimizing tariff increment through the maximized use of RES and available supply capacity, thus minimizing capacity upgrades. This has been elaborated by the ability of ConCEMS to offer the utility flexibility in varying the dispatch time of participating DR loads to reduce peak demand and maximize transmission network and supply capacity. However, it must be highlighted that ConCEMS is limited based on the degree of participation of DR loads and flexibility (in terms of dispatch time) offered the utility by the consumers. With strict time frames for load dispatch, partial DLC and the need to ensure that |Stt
ConCEMS offers the utility a limited window of flexibility. However, when consumers participate in full DLC, ConCEMS is able to offer the utility higher flexibility in maximizing benefits for both the consumer and the supplier. Results obtained thus show that the extent of performance of ConCEMS in meeting the objectives of HEMS, SSEMS and TLMS is determined by the nature of the pricing profile selected and the size and flexibility of participating DR loads. In terms of general applicability, the proposed ConCEMS can be applied widely for both industrial and household DR scheduling optimisation purposes since the pricing schemes are 'plug-ins'. Furthermore, the proposed GA-EED has been benchmarked and found to outperform the contemporary MEED and conventional PSO in achieving the best results. ExC-GA has also been seen to offer Str i,j L that ensure a high comfort level for consumers while guaranteeing a reduction in electricity cost for consumers.
Future Work
Considering the ability of ConCEMS to provide some flexibility to the utility especially in reducing peak demand and increasing utilization of the transmission network through DTLR, future research would aim at exploiting the ability of ConCEMS to still guarantee reduced electricity bills for consumers and optimal grid operation in the event of faults. Future work thus aims at determining the limit of ConCEMS to guaranteeing the objectives of HEMS, SSEMS and TLMS under dynamic network faults. 
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Abbreviations
The following abbreviations are used in this manuscript: set of all generators index points STT Simulation Start Time, taken to be 00:00 i.e., midnight SET Simulation End Time, taken to be 00:00 + 1 day i.e., midnight of next day w 3 conversion factor of P t Dx to energy value w 4 tolerance for generation/demand mismatch total cost of electricity (US$) for customer h i in load cluster i using dynamic pricing touC h i i total cost of electricity (US$) for customer h i in cluster i using time of use pricing α pipeline section θ compressor station Z α α compressibility ratio P hg,α ,P lo,α α upper and lower pressure limits (bar) PS α−1 compressor θ suction pressure (bar) PD α compressor θ discharge pressure (bar) Q α α gas flow rate (MMSCFD) Z(t)
Total cost of running all compressors at time t (US$) C θ (t) compressor θ energy cost at time t (US$) L α α pipeline length (km) I line p t current through line p at time t (A)
Z SSEMS
Supply side energy management system objective function Z TLMS Transmission line management system objective function Z HEMS Home energy management system objective function
